MicroRNAs are regulatory molecules that can be packaged into exosomes to 22 modulate recipient's cellular response, while their role during viral infection is 23 beginning to be appreciated. However, the involvement of exosomal miRNAs during 24 immunoregulation in invertebrates has not been addressed. Here, we found that 25 exosomes released from WSSV-injected mud crabs could suppress viral invasion by 26 inducing apoptosis of hemocytes. Besides, miR-137 and miR-7847 were found to be 27 less packaged in mud crab exosomes during viral infection, with both miR-137 and 28 miR-7847 shown to be negative apoptosis regulators by targeting the 29 apoptosis-inducing factor (AIF). Moreover, our data revealed that AIF did not only 30 translocate to the nucleus to induce DNA fragmentation, but could also competitively 31 bind to HSP70 to disintegrate the HSP70-Bax (Bcl-2-associated X protein) complex, 32 which eventually activated the mitochondria apoptosis pathway via free Bax.
Introduction 39
Exosomes, measuring 30-120 nm in diameter, are extracellular vesicles of 40 endocytic origin that are released into the extracellular environment under
Results

93
The involvement of exosomes in antiviral regulation of mud crab 94 To characterize exosomes from mud crab during WSSV infection, exosomes (i.e., 95 exosome-PBS and exosome-WSSV), isolated from hemolymph of healthy 96 (PBS-injected) and WSSV-injected mud crabs, respectively were used. The 97 cup-shaped structure and size of the isolated exosomes were detected by electron 98 microscopy ( Fig. 1A) and Nanosight particle tracking analysis (Fig. 1B) . In addition, 99 Western blot analysis of exosome markers (CD9 and TSG101) and cytoplasmic 100 marker (calnexin) were further used to ascertain that the isolated particles were 101 exosomes (Fig. 1C ). Furthermore, to analyze the capacity of the isolated exosomes to 102 be internalized by hemocytes, mud crabs were injected with exosomes labeled with 103 DiO (green), and hemocytes then isolated and labeled with Dil (red). Confocal 104 microscopic observation showed that the isolated exosomes (from PBS and WSSV 105 injected mud crabs) were successfully internalized in hemocytes ( Fig. 1D ). Besides, 106 the effects of the obtained exosomes on WSSV proliferation was investigated using 107 real-time PCR analysis. It was observed that mud crabs injected with exosome-PBS 108 had a significantly higher WSSV copy number than those injected with challenged mud crabs suppressed viral infection through activation of apoptosis.
142
Functional miRNA screening in exosomes 143 Microarray analysis of exosomal miRNAs was carried out with a 1.5-fold change 144 and P<0.01 used as threshold cut-off. The results showed that 124 miRNAs were 145 found to be differentially expressed in isolated exosomes released from the -137, miR-60, miR-373, miR-7847, miR-87a, miR-513, miR-353, miR-81, 150 miR-508, and miR-387, are shown in Fig. 3A . To investigate whether these miRNAs 151 affect WSSV proliferation, miRNA mimics (miR-137 mimic or miR-7847 mimic) or 152 anti-miRNA oligonucleotides (AMOs) (AMO-miR-137 or AMO-miR-7847) were 153 co-injected with WSSV into mud crabs for 48 hours. The results revealed an increase 154 in WSSV copy number in mud crabs after miRNA mimics injection and a decrease in 155 WSSV copy number in mud crabs after AMO injection ( Fig. 3B and 3C ). The 156 expression levels of miR-137 and miR-7847, normalized to U6, were investigated in 157 exosome-PBS and exosome-WSSV injected mud crabs. It was found that both 158 miR-137 and miR-7847 were significantly downregulated in the exosome-WSSV 159 injected group, compared to the exosome-PBS injected group (Fig. 3D ).
160
In an attempt to reveal the roles of miR-137 and miR-7847 in apoptosis 161 regulation, mud crabs were injected with AMO-miR-137 and AMO-miR-7847. Flow 162 cytometry analysis revealed that both AMO-miR-137 and AMO-miR-7847 induced 163 higher apoptosis (in terms of percentage of apoptotic cells), compared with the 164 controls (WT and AMO-NC) ( Fig. 3E ). Similarly, caspase 3/7 activity was 165 significantly increased in AMO-miR-137 or AMO-miR-7847 injected groups, 166 compared to the controls (Fig. 3F ). To examine the participation of miR-137 and 167 miR-7847 in exosome-mediated virus suppression, mud crabs were co-injected with 168 either exosome-PBS, exosome-WSSV, exosome-WSSV and miR-137-mimic, or 169 exosome-WSSV and miR-7847-mimic and WSSV. The results showed that WSSV 170 copy number was significantly lower in the exosome-WSSV and WSSV co-injected 171 group, compared with the other groups (P<0.05) ( Fig. 3G ). These data indicate that 172 both miR-137 and miR-7847 might be controlled by the exosomes derived from 173 WSSV infection, to promote replication of WSSV in hemocytes of mud crabs.
174
Interactions between miR-137 and miR-7847 and their targeted genes 175
To reveal the pathways mediated by miR-137 and miR-7847, their target genes 176 were predicted using the Targetscan and miRanda software. It was found that the AIF mRNA ( Fig. 4D and 4E ).
195
To investigate the targeting of AIF by miR-137 and miR-7847 in hemocytes of 196 mud crab, co-localization of miR-137/miR-7847 and AIF mRNA was examined.
197
Hemocytes were treated with FAM-labeled AIF mRNA probe (green), Cy3-labeled 198 miRNA probe (red) and DAPI (blue) before been observed under a fluorescence 199 microscope. The results showed that miR-137/miR-7847 and AIF mRNA were 200 co-localized in the cytoplasm of cells ( Fig. 4F ).
201
Effects of AIF on WSSV proliferation and apoptosis 202
To ascertain whether AIF is involved in the immune response of mud crab, the 203 expression profile of AIF was determined after WSSV challenge. The results
204
(Western blot and qPCR analyses) revealed that AIF was significantly elevated at 24 205 and 48 hours post-WSSV challenge (Fig. 5A ). In order to determine the effects of AIF 206 on the proliferation of WSSV, viral copy number was examined in AIF depleted mud 207 crabs challenged with WSSV. The results showed that WSSV copy number was 208 significantly higher in AIF knockdown (siAIF-injected) mud crabs, compared with 209 the control groups (GFP-siRNA and WSSV group) ( Fig. 5B ).
210
In an attempt to unravel the roles of AIF in miR-137 and miR-7847-mediated 211 apoptosis regulation, AIF-depleted mud crabs were injected with AMO-miR-137 or 212 AMO-miR-7847. The results showed that the apoptotic rate and percentage of 213 apoptotic cells were significantly higher in normal mud crabs injected with 214 AMO-miR-137 or AMO-miR-7847 compared with AIF-depleted mud crabs injected 215 with AMO-miR-137 or AMO-miR-7847, respectively ( Fig. 5C ). Similar results were 216 obtained for caspase 3/7 activity analysis ( Fig. 5D ). Moreover, AIF was found to 217 participate in exosome-mediated virus suppression. As shown in Fig. 5E ,
218
AIF-depleted mud crabs co-injected with exosome-WSSV and WSSV had 219 significantly higher WSSV copy number compared with normal mud crabs 220 co-injected with either exosome-WSSV or exosome-PBS and WSSV (P<0.05).
221
Nuclear translocation of AIF induces DNA fragmentation 222 It has previously been reported that AIF is able to translocate into the nuclear of Western blot) indicating that AIF could bind to HSP70 ( Fig. 7A and 7B ). To confirm the role of HSP70 in the regulation of apoptosis in hemocytes, mud crabs were 242 depleted of HSP70 and the level of hemocytes apoptosis determined. It was observed 243 that in hemocytes of HSP70 silenced (HSP70-siRNA) mud crabs, the apoptotic rate 244 and percentage of apoptotic cells were significantly increased, compared with the 245 control groups (WT and GFP-siRNA) ( Fig. 7C ). Knockdown of HSP70 also 246 significantly decreased the WSSV copy number in hemocytes of mud crabs 247 challenged with WSSV, compared with the control groups (Fig. 7D ). This indicates 248 the involvement of HSP70 in the proliferation of WSSV in mud crabs. Moreover, 249 co-immunoprecipitation analysis revealed that HSP70 could bind to Bax ( Fig. 7E and 250 7F). The interaction between HSP70 and Bax is shown in Fig. 7G . These results
251
shows that the HSP70-Bax complex in hemocytes was disrupted when mud crabs 252 were injected with either AMO-miR-137, AMO-miR-7847 or WSSV compared with 253 control (WT group) ( Fig. 7G ).
254
In the mitochondria of HSP70-siRNA treated mud crabs, the expression of Bax 255 was increased, but that of Cyt C decreased ( Fig. 7H ), which suggest a role of HSP70 invertebrates. In the current study, we found that miR-137 and miR-7847 were less crab. The present study thus reveals a novel molecular mechanism underlying the 324 crosstalk between exosomal miRNAs and innate immunity in invertebrates.
325
The function of miR-7847 has not been reported previously evidence to conclude that exosome is a general regulatory approach in animals. In 356 addition, exosomal miRNAs are also still unexplored in invertebrates, which means 357 that there is an urgent need to characterize the existence and role of exosomal 358 miRNAs. The current study was therefore the first to reveal the involvement of 359 exosomal miRNAs in antiviral immune response of mud crabs, which shows a novel 360 molecular mechanism of how invertebrates resist pathogenic microbial infection. The mud crabs used in this study were taken from a local crab farm (Niutianyang, 378 Shantou, Guangdong, China). No specific permits were required for the described 379 field studies, as the sampling locations were not privately owned or protected in any 380 way. Furthermore these field studies did not involve endangered or protected species.
381
The animals were processed according to "the Regulations for the Administration of 382 used. Then the slips were washed with PBS for three times, and after that the 506 hemocytes were stained with DAPI (4', 6-diamidino-2-phenylindole) (50 ng/ml)
507
(Sigma, USA) for 5 min [55] . The images were captured using a CarlZeiss LSM710 508 system (Carl Zeiss, Germany).
509
Statistical analysis 510
All data were subjected to one-way ANOVA analysis using Origin Pro8.0, with 511 P <0.01 considered statistically significant. All assays were biologically repeated for 512 three times. The authors declare no conflicts of interest. 
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